, species extinction (Brooks and Smith 2001) , mass mortality of organisms (Lessios 1988 , Harvell et al. 1999 , and reduction of marine resource productivity (Jackson et al. 2001) . Furthermore, watersheds of the Caribbean Sea are one of the top five hotspots of marine and terrestrial biodiversity identified around the world, representing an area with an exceptional concentration of endemic species. Caribbean watersheds are undergoing an exceptional loss of habitat; only about 10% of their primary terrestrial vegetation remains (Myers et al. 2000, Brooks and .
The Caribbean Sea consists of fragile coastal ecosystems that are susceptible to environmental impacts, in part because of their oligotrophic conditions (Richards and Bohnsack 1990, Lapointe 1997) and their critical support of economic development. The wider Caribbean region includes 36 to 40 countries, with a total population of 38 million (figure 1; CIA 2003) . Travel and tourism are major sources of income in the Caribbean, making the region one of the most ecotourism dependent in the world. The Caribbean travel industry had gross earnings of $17 billion in 1999, which provided about 900,000 direct and indirect jobs and contributed about a quarter of the region's foreign exchange profits. Travel and tourism were expected to generate $34.6 billion of economic activity in 2003, and this amount will grow to $78.4 billion by 2013 (WTTC 2003) . Employment in the travel industry in 2003 was estimated at 1,857,000 jobs, or 12% of total employment (1 in every 8 jobs) in the region. Approximately 100 million tourists visit the Caribbean annually, contributing about 43% of the combined gross national product and onethird of the export earnings for the region (including the Dominican Republic, Puerto Rico, Jamaica, the Bahamas, Cuba, Barbados, Aruba, Bermuda, Trinidad and Tobago, and Curaçao; WTTC 2003) . In addition to supporting intense tourism activities, the Caribbean Sea is one of the most heavily traversed seas worldwide. Shipping activities in the region include the transport of oil, which generates pollution in the form of bilge water and garbage dumped into the ocean (Atwood et al. 1987 ). In addition, there is a significant amount of pollution from nonpoint sources within the region, including contaminants such as sewage, solid-waste leachates from landfills, industrial and agricultural runoff, and petroleum products (Atwood et al. 1987) .
These impacts threaten the biodiversity and environmental quality of coastal ecosystems in the region. The extent of the loss of biological diversity is still poorly known (Loreau et al. 2001) , particularly in the Caribbean, where species extinction occurs at an accelerated rate. However, we know that of the 197 endemic mammals and birds across the Lesser and Greater Antilles, at least 43 have become extinct over the last 500 years (Myers et al. 2000) . It is estimated that in the last 150 years eight species of vertebrates have become extinct in Jamaica alone, and more than 100 plant species indigenous to Trinidad and Tobago may be threatened by extinction. Despite much more widely publicized support for biodiversity conservation, the lack of regional governmental and institutional support for research suggests that trends of declining biological diversity in the Caribbean will continue over the next several decades (Myers et al. 2000, Brooks and . This trend is ongoing despite the presence of 22 Ramsar Convention sites and 20 coastal biosphere reserves located throughout the Caribbean region (table 1) .
There are few comprehensive, long-term research programs aimed at understanding the ecosystem services of coastal settings in the Caribbean, despite the strong ecological and economic importance of coastal ecosystems to the region. Regional research projects initiated in the 1970s and 1980s, such as CARICOMP (Caribbean Coastal Marine Productivity) and CARIPOL (Caribbean Petroleum Pollution Monitoring Project), have provided useful information about changes in the distribution, structure, and productivity of coral reef, sea grass, and mangrove ecosystems as influenced by petroleum pollution. Similarly, the Association of Island Marine Laboratories of the Caribbean, or AIMLC, has played an important role in assisting and initiating collaborative research among its members (Ogden 1987) . More recently, the TEAM (Tropical Ecology, Assessment, and Monitoring) Initiative at Conservation International (www.conservation. org/xp/CIWEB/home) has developed the first early-warning system for global biodiversity, which will provide muchneeded knowledge about tropical ecosystems. This program is designed to supply information necessary for assessing the overall effectiveness of conservation efforts.
We have developed a conceptual framework to analyze the diverse ecological properties of coastal settings in the Caribbean region and evaluate the ecological vulnerability of these ecosystems to a variety of human and natural disturbances. In creating this framework, we emphasized the biogeochemical properties and primary productivity of the ecosystems that form the reef-sea-grass-wetland seascape. best studied over decadal time periods and large spatial areas (Kaiser 2001 , Hobbie et al. 2003 . The sites described in this article are national reserves, parks, or research areas from the Caribbean region that are described as vulnerable or heavily influenced by human activities. Ecological research at some of these sites has been performed on a regular basis since the 1970s. However, the long-term records of selected ecological processes for these sites are inadequate to quantitatively define the magnitude and direction of ecosystem change, which limits the development of appropriate coastal management plans.
The ocean ecosystem of the wider Caribbean region
The Caribbean Sea is considered the smallest ocean basin and classified as the second largest sea in the world (2,512,950 square kilometers [km 2 ]) (figure 1; Dillon et al. 1987 (Richards and Bohnsack 1990) . Many areas exceed 4000 m in depth, with the deepest region-in the Cayman Trench, located between Cuba and Jamaica-ranging from 7535 to 7686 m. Because of the active semi-independent movement of the Caribbean plate, there are earthquakes and volcanic activity throughout the region (Dillon et al. 1987) . Seasonal variation in temperature is small, ranging from 25 degrees Celsius (˚C) in the winter to 28˚C in the summer. Ocean circulation in the region is strongly influenced by the trade winds that form westward patterns, causing upwelling along the South American continent. Water flows into the Caribbean Sea mostly through the Grenada, St. Vincent, and St. Lucia passages in the southeast. The water continues westward as the Caribbean Current, the main surface circulation in the Caribbean Sea. The flow turns westward as it crosses the Cayman Basin, and it enters the Gulf of Mexico as a narrow boundary current through the Yucatán Straits, where it forms both the loop current in the Gulf of Mexico and the Gulf Stream south of Florida (Fratantoni 2001) . The average flow of these currents is 24 million m 3 per second, with nearsurface velocities approaching 80 to 150 centimeters per second in the Yucatán Current (Coats 1992) . This water circulation results in high connectivity among the different basins.
Vast regions of the Caribbean are influenced by river discharge. Mean discharge to the region that includes the coastal areas of Venezuela, Trinidad and Tobago, and Grenada (figure 2) is more than 2100 km 3 per year (Fekete et al. 2002) , but a significant volume of Amazon water is also delivered to the Caribbean via the North Brazilian Current (Hellweger and Gordon 2002) . The two largest rivers of the region, the Orinoco (1103 km 3 per year; figure 2) and the Magdalena (228 km 3 per year; figure 3) (Restrepo and Kjerfve 2000) , account for well over 60% of the fresh water discharged directly into the Caribbean. The influence of the Orinoco River plume on the ecology and biogeochemistry of the western Caribbean extends to areas close to Puerto Rico and the Dominican Republic, again demonstrating the degree of connectivity in the Caribbean basin (Salisbury et al. 2001 ). These rivers represent point sources for large fluxes of dissolved and particulate constituents (figures 2, 3). These river constituents typically have dramatic effects on the primary productivity of coastal waters. Turbid conditions limiting productivity, with a zone of high productivity at the distal end of turbid plumes, have been reported by several investigators (Demaster et al. 1996) .
Coastal ecosystems of the wider Caribbean region
Geomorphic features and geophysical energies of coastal settings (Thom 1982) , along with regional climate, have been identified as environmental signatures that constrain the structure and function of tropical coastal ecosystems (Thom 1982 , Twilley 1995 . These environmental signatures have been used to generalize patterns across coastal geomorphological types, including reefs, lagoons, estuaries (drowned river valleys), and deltas (Downing et al. 1999) . The vulnerability of different coastal ecosystems to human disturbance can be associated with these environmental signatures. The combination of geophysical processes (e.g., river discharge, wind, and water residence time) and biogeochemical properties of a coastal setting provides a way to summarize how stressors limit the structure and function of coastal ecosystems. For example, changes in light availability and nutrients are two key factors that determine both the type and the rate of primary production among four geomophological types of coastal settings (figure 4).
Our approach provides a conceptual framework to generalize the impacts of land-use changes on ecosystem health across different coastal settings in the Caribbean basin. Ecosystem health is the condition in which "an ecosystem is active and maintains organization and autonomy over time and is resilient to stress" (Costanza 1992) . To characterize environmental signatures, we considered 10 categories, including regional climate, geomorphological type, and anthropogenic characteristics (table 2). These categories have been recognized as forcing functions that regulate the structure and function of coastal ecosystems (Thom 1982 , Twilley 1995 .Values for each category are represented in nominal and ordinal scales, since information is lacking across most coastal settings (e.g., nutrient loading rates, sea-level rise). The ordinal scales are ranges of values using established classification systems. Another characteristic of each site is the initial effort to establish long-term ecological research. The selected sites were grouped along this continuum of environmental signatures based on geomorphological type (figure 4; Twilley 1995 , Downing et al. 1999 . The main assumption of this framework is that the susceptibility of tropical coastal settings to eutrophication will vary along this continuum of environmental signatures.
Availability of nutrient and light resources, along with water residence time, defines environmental signatures from marine to river-dominated coastal settings (figure 4). The dual resource gradient (light and nutrients), along with the variance in salinity, determines the diversity of ecosystems in the coastal setting. The coastal seascape consists of reef, sea grass, and wetland ecosystems distributed across longitudinal and topographic gradients of any coastal setting. The longitudinal gradient in salinity occurs from tidal freshwater to euhaline environments. Within each of these salinity regimes, there are topographic gradients from submerged (subtidal) to emergent (intertidal and floodplain) zones. Emergent zones include fringe (edge of intertidal) to interior (supratidal) and floodplain regions. Reefs and sea grasses colonize the submerged zone, and wetlands (mangrove, marshes, and forested wetlands) colonize the fringe, interior, and floodplain regions of the emergent zone. The coastal seascape can be described by the ratio of emergent to submerged area (wetland-to-water ratio). The relative distribution of reef-sea-grass-wetland ecosystems across a coastal seascape varies with the four geomorphological types used in this classification of coastal settings, which can be linked to specific combinations of geophysical energies. Reefs and lagoons are marine-dominated coastal settings, with coral reef and sea grass communities dominating the coastal seascape. In these coastal settings, the emergent zone is limited to the intertidal area, with a reduced wetland-to-water ratio. Light is plentiful in the submerged zone of this coastal setting, yet nutrients are low, resulting in oligotrophic conditions. In river-dominated coastal settings, coral reefs and sea grasses are less abundant in the submerged zone, and wetlands dominate the more extensive emergent zone. Depending on the degree of freshwater input and tidal range, the ratio of emergent to submerged zone increases in these coastal settings, as in a delta, for example.
Many of the sites we reviewed have more than one geomorphological type, with multiple gradients resulting in diverse combinations of coastal ecosystems (figure 4). For example, Terminos lagoon, in Mexico, is a delta-lagoon complex that has extensive marshes and mangroves in its riverdominated seascapes, in contrast with the extensive sea grasses in its marine-dominated regions. The environmental signature concept describes how each of these ecosystems in a coastal seascape has a characteristic structure and function that can be related to available resources (e.g., nutrients), regulators (e.g., salinity), and hydrologic gradients unique to a coastal setting.
Environmental signature of selected coastal settings
The environmental signature of a coastal (regional) setting is a combination of geomorphological type, geophysical energies, and levels of disturbance. There are conspicuous differences in topographic relief throughout the entire Caribbean region. Areas with average altitudes from 2000 to 3000 m above mean sea level (msl), associated with volcanic activity, can be found in Honduras, El Salvador, Costa Rica, Panama (e.g., Bocas del Toro; table 2), and the Lesser Antilles. The highest altitude adjacent to the coastal zone in the Caribbean, located in the Ciénaga Grande de Santa Marta deltaic region of Colombia, is 5775 m above msl. In contrast, lower altitudes (less than 500 m above msl) are geologically associated with extensive karstic topography, as in the Yucatán Peninsula (Celestun, Sian Ka'an), Belize (Twin Cays), and south Florida (the Everglades; table 2). Topographic relief classes were assigned to each site: low (e.g., the Everglades), medium (e.g., San Juan River), or high (e.g., Ciénaga Grande), depending on the major regional geological features. Four of the 13 sites are oceanic islands; two sites are on high islands and two on low islands.
The combination of regional climate and topographic features influences the amount of freshwater input at each site. Although the Caribbean coast of Colombia is arid, the Ciénaga Grande has a deltaic geomorphology because of the (table 2) . Puerto Rico is a high island with extreme differences in precipitation, representing arid and moist sites at similar geographical locations. Although the tidal regime across sites is small (0.2-0.5 m, except in San Juan River estuary; table 2), water residence time differs among the sites depending on the magnitude of river discharge, as in the Ciénaga Grande de Santa Marta, Colombia (7-11 days), and Celestun Lagoon, Mexico (25 days). We define a fertility gradient across these geomorphological types as associated with nutrient input, residence time, and light regime.
The frequency and magnitude of disturbance, both natural and human, are also important considerations in the environmental signature of a coastal setting. Hurricanes have a strong effect on the ecological conditions of the Caribbean region. Although hurricane impacts are generally greater in oceanic (e.g., Puerto Rico, Twin Cays, Belize) than in continental seascapes (e.g., San Juan, Venezuela; Sian Ka'an, Mexico; table 2), the latter can also receive considerable damage. For example, Hurricane Andrew hit southern Florida in 1992, affecting extensive urban areas and mangrove wetlands (Smith et al. 1994) . Hurricane Mitch, in 1998, was a category 5 storm when it hit coral reefs, mangrove forests, and urban centers in Honduras, Nicaragua, and Guatemala. Forecasting the condition of ecosystem functions, ecosystem services, and natural resource capital in the Caribbean region requires knowledge of large disturbances such as El Niño-Southern Oscillation (ENSO) events and hurricanes. These forcing functions have spatially specific effects on coastal settings, increasing the diversity in ecosystem structure and function across the coastal seascape. Since the 1970s, ENSO events have occurred more frequently and persisted longer (Trenberth and Hoar 1997) . Temporal patterns in precipitation are strongly modulated by episodic events such as hurricanes and ENSO. Because these global phenomena are controlled by climate change, the frequent occurrence of extreme climate events in the Caribbean could be more relevant than the fluctuations of the mean climate (Stenseth et al. 2002 ).
Impacts of sea-level rise on coastal settings are better assessed using regional values rather than global averages (Church 2001) . Most intertidal wetlands in south Florida and the Caribbean can survive the present regional rates of sea-level rise, which range from 1.2 to 2.3 millimeters per year. The sustainability of these intertidal wetlands relies on migrating inland to areas of decreasing tidal inundation along undeveloped shores. However, activities associated with urbanization, such as tourism, infrastructure, and agriculture, can remove supratidal regions, restricting the migration of intertidal wetlands in response to climate change. An increase in sea level alone would not be enough to "drown" coral reefs (Kleypas et al. 2001 ), but the combination of sea-level rise and decreased water quality (e.g., increase in nutrient enrichment and turbidity) would result in flooded coastlines that could affect many coral reefs and change reef distribution at local and regional scales. Thus, sea-level rise in combination with eutrophication and increasing sea surface temperatures has the potential to modify reef distribution not only in the Caribbean region but globally (Kleypas et al. 2001) . Caribbean countries, like other small island and coastal areas, face difficult decisions in confronting the adverse effects of global climate change and associated sea-level rise. Consequently, the vulnerability of coastal resources and infrastructure to sea-level rise increases constantly, highlighting the urgent need for an integrated framework for coastal management (Twilley et al. 2001 ).
Ecological vulnerability across environmental signatures
The 13 sites in this overview illustrate the ecological vulnerability of the coral reef-sea-grass-wetland seascape across different environmental signatures in coastal settings. Areas with different levels of disturbance need to be included in ecosystem assessment to advance our understanding of the trajectories that ecosystems follow after major changes attributable to human effects, natural causes, and their interaction (Vitousek et al. 1997) . Our selected sites across the wider Caribbean include different degrees of human impact on the structure and function of ecosystems in diverse environmental signatures. The management variable (table 2) refers to projects that have been implemented to rehabilitate and restore coastal ecosystems at the coastal seascape level.
Coral reefs are one of the most conspicuous coastal ecosystems in the Caribbean Sea, where the second longest barrier reef in the world and largest in the Northern Hemisphere is located off the coast of Belize (Hughes 1994) . Recent evaluations of the global decline in reef area describe the western Atlantic Ocean and the Caribbean Sea as the regions where the most serious losses are occurring (Gardner et al. 2003) . The reefs of the Caribbean and adjacent coastal waters constitute about 12% of the global total and are major indicators of the environmental stress in the region (Wilkinson 2000) . Degradation and destruction of reefs are caused by sedimentation, destructive fishing, poorly regulated mining and construction, and anthropogenic nutrient inputs (Szmant 2002) . Current estimates indicate that 29% of the Caribbean reef areas are considered at high risk because of increased runoff and sedimentation caused by deforestation, nutrient contributions from hotel and shipping wastes, coastal construction, and mining.
Studies in the selected sites and throughout the Caribbean region have focused on monitoring changes in reef extension, in species composition, and in the frequency of events such as bleaching, herbivory, and invasion by fleshy macroalgae (Aronson et al. 2002) . The sites with large areas of coral reef cover are Everglades National Park, Florida; Morrocoy National Park (Parque Nacional Morrocoy) and Los Roques,Venezuela; Bocas del Toro, Panama; Twin Cays, Belize; Celestun Lagoon, Mexico; and Sian Ka'an, Mexico (table 2) .
Considerable efforts in the wider Caribbean have been dedicated to evaluating the damage caused by coral diseases such as white band, and by coral bleaching due to an increase of 1˚C to 2˚C in sea surface temperatures above mean monthly summer values (Skirving and Guinott 2001) . A current paradigm suggests that a fixed bleaching temperature threshold of 1˚C to 2˚C above the present average sea temperature needs to be reevaluated, since a broad spectrum of responses indicates that the temperature threshold changes over time as a result of acclimation and evolution (Hughes et al. 2003) . Current reports suggest a massive regionwide decline of corals across the Caribbean basin, with the "average hard coral cover on reefs being reduced by 80%, from about 50% to 10% cover, in three decades" (Gardner et al. 2003 ). Yet it is still not clear what the relative roles of climatic and local human factors are, and how they interact in determining the long-term trajectories of reef decline (Buddemeier et al. 2003) .
Recent studies on species turnover in the Belize Barrier Reef have shown a significant shift of coral reef species over hundreds of square kilometers in less than a decade (Aronson et al. 2002) . These results confirm the short temporal scale on which human activities affect coral reef habitats. For example, Hughes (1994) discussed the role of overfishing and reduced herbivory as the main factors inducing dramatic shifts from coral-dominated to algae-dominated systems in Jamaica. According to new surveys, all of the classic reef zonation patterns found in Jamaica in the 1950s have disappeared. Documented structural and functional changes in Jamaican reefs illustrate how overfishing, herbivory, and large physical disturbances (e.g., hurricanes) interact to modify reef communities in the Caribbean region at the coastal seascape level. More recently, Lapointe (1997) argued that in addition to these causes, studies of macroalgal blooms need to evaluate how excess nutrient concentrations in water columns deteriorate reef areas. Documentation of nutrient enhancement in the Caribbean is scarce, despite the environmental stress caused by eutrophication (Aronson and Precht 2000) . Because of the lack of long-term data on nutrient enrichment in coral reef habitats, controversies remain about the relative importance of eutrophication and herbivory in promoting macroalgae blooms in coral reefs (Hughes et al. 1999 , Lapointe 1999 , McCook 1999 , Aronson and Precht 2000 , Szmant 2002 ).
The shallow-water communities of Morrocoy National Park, Venezuela, provide a good example of the complexity involved in assessing the interaction of large-scale disturbances (human and natural), overfishing, herbivory, and eutrophication on coral reef habitats in the wider Caribbean (table 2) . The 320-km 2 park consists of semienclosed, interconnected embayments (Bone et al. 1998) . Early in 1996, mass mortalities were recorded for coral reefs (60%-90%), gastropods, sipunculans, polychaetes, and sponges, following unusually low temperatures apparently caused by upwelling of cold water along the Venezuelan coast (Laboy-Nieves et al. 2001) . Evaluation of coral recovery 3 years after the disturbance shows that there are still large extensions of dead reefs and of reefs covered by algae and sand (Villamizar 2000) .
The disturbance of reef communities associated with this upwelling event along the Venenzuelan coast occurred along with increased human impacts in the region. These included urban and industrial development around the park, sewage inputs from tourism facilities, unregulated recreational and commercial fishing, and coral bleaching and other diseases (Villamizar 2000) . These impacts, along with the large inputs of sediments, nutrients, and organic matter transported by rivers during the rainy season, all slowed the recovery of coral reefs. Sea temperature was probably the trigger that initiated the massive mortalities (Laboy-Nieves et al. 2001 ), but lower temperatures increased the chance of mortality for already stressed coral reef habitats and associated communities. Additional die-offs were observed at the end of 1996, when the highest precipitation in 28 years was registered. Low salinity and hypoxic conditions triggered mass mortalities of fishes, holothurians, sea urchins, and sea stars, along with a significant reduction in the area of sea grass (LaboyNieves et al. 2001 ). The high precipitation was apparently associated with the 1995-1996 ENSO, an event that further confounded the identification of causes for the massive coral mortality in this park system. Sea grasses are also affected by excessive nutrient inputs (Duarte 1995) . Regional differences in nutrient availability determine the distribution of different sea grass species along salinity gradients (Fourqurean et al. 2001) . High nutrient loading causes algal blooms, which increase turbidity and reduce the photosynthetic efficiency and growth of sea grasses. The excess nutrients also result in greater growth and production of epiphytes, to the extent of accelerating sea grass dieback. Phosphorus (P) has been identified as a limiting nutrient in karstic substrates, so an increase in this nutrient will certainly increase sea grass biomass in the short term (Jensen et al. 1998) .
Some sea grass species have a narrow tolerance for salinity changes, which can trigger major shifts in species composition (Lirman and Cropper 2003) . Organisms are affected more by extreme salinities during major disturbances than by values observed under average environmental conditions. Salinity in association with nutrient enrichment can also become a stressor when freshwater inputs are drastically reduced. For example, the mass mortality of sea grasses in Florida Bay has been attributed to long-term salinity stress caused by reduced freshwater flow. Moreover, studies show that salinity stress can exacerbate susceptibility to other factors (e.g., pathogens, temperature), leading to extensive die-offs. Studies in Florida Bay have been critical in understanding how changes in salinity and P limitation affect species composition and productivity patterns (Fourqurean et al. 1995) . Florida Bay studies have also evaluated the physiological response of sea grasses to stress resulting from iron deficiency, low oxygen concentrations, and drastic reductions in salinity. Computer simulation models for sea grasses are being developed for Florida Bay; they incorporate different hierarchical levels, from physiological to spatially explicit seascape processes (Fong et al. 1997) .
The high biological diversity found in the coral reefs of the Caribbean Sea is strongly influenced by the presence of mangrove forests and sea grasses. These three ecosystems form strongly coupled habitat complexes, which are not completely understood, along the coastal seascape (Twilley et al. 1998 , Koch and Madden 2001 , McKee et al. 2002 . There is a continuum across these ecosystems in which complex nutrient exchanges define the spatial and temporal distribution of mangroves, sea grasses, and coral reefs. Nutrient availability is highly controlled by nutrient recycling in mangrove forests and sea grasses (Duarte 1995 , Rivera-Monroy and Twilley 1996 , Feller et al. 2003a . The resulting high rates of primary production and organic material production sustain complex trophic food chains. Therefore, negative impacts in one ecosystem can cascade across the coastal seascape, affecting other areas. For example, mangrove deforestation in the coastal zone can significantly reduce the productivity of sea grasses and coral reefs by causing excessive sediment loads that increase turbidity.
The total mangrove area for the wider Caribbean region is estimated at 25,882 km 2 (Spalding et al. 1997) , representing about 50% of the total mangrove area in the Neotropics. The physiognomy of mangrove forests in the Caribbean region is diverse, from scrub forests (less than 1.5 m tall) in the interior of islands to well-developed forests (more than 30 m tall) in river-dominated coastal seascapes. These gradients provide insights into the multiple stressors that can affect mangrove forest growth. Mangrove forests growing under nutrient-limited conditions respond quickly to fertilization. Recent studies in karstic environments in the Caribbean (Twin Cays, Belize; table 2) have found that nitrogen (N) and P are not uniformly distributed within mangrove ecosystems (Feller et al. 2003b) . At Twin Cays, both N and P enrichment significantly increased productivity along a tidal gradient; trees were generally P limited in the interior zones of the forest but N limited in the fringe. This response is associated with low P availability in carbonate-rich sediments. Nutrient-enrichment field experiments, like the one performed in Belize, are limited in the Caribbean, although it appears that mangrove forests in Bocas del Toro, Panama, are also prone to P limitation (Lovelock et al. 2004 ). Chen and Twilley (1999) showed how patterns of forest development in Shark River, Florida, differ along a fertility gradient defined by total P concentration. This fertility gradient is apparently caused by greater inputs of mineral material (enriched with P) at the mouth of the estuary, where mangrove trees grow significantly larger (more than 10 m tall) than at the head of the estuary (less than 5 m tall). The fact that the main P source at this site originates at the mouth of the estuary underscores the importance of nutrient sources for mangrove development.
Rehabilitation of ecosystems in the wider Caribbean region
A rehabilitation project in the Ciénaga Grande de Santa Marta, Colombia, and a restoration project in the Florida coastal Everglades are the largest such projects in the coastal Neotropics (table 2). The degradation of water quality, alteration of hydrological regime, and loss of species and habitat in both coastal regions are the main conditions that prompted the planning, development, and financial support of these projects. The Ciénaga Grande region provides a dramatic example of negative anthropogenic effects; the loss of an extensive mangrove area (about 350 km 2 ) and the reduction or disappearance of important commercial fish stocks have increased the region's poverty and social unrest. Hydrological alteration in the Ciénaga Grande was the result of the construction of roads and levees in the 1950s to improve transportation and ranch farming. In the Everglades, an extensive canal system was developed in the 1940s to optimize water management for agriculture practices, urban development, and flood protection (Davis et al. 1994) . Negative environmental impacts in the Everglades include massive sea grass die-offs, coral reef mortality, low water quality, noxious algae blooms, habitat fragmentation, and major changes in vegetation distribution and diversity that have altered the density and spatial dispersion of wild and commercial animal species (Davis et al. 1994) . Freshwater rediversion is the main restoration measure in both the Ciénaga Grande and the Everglades, but the geomorphological differences between the two sites (figure 4) make the outcome of both projects comparatively uncertain. Because there have been no previous long-term projects of this type, it is unclear what the actual ecological response, and the effectiveness of restoration measures, will be.
The overall objective of the Ciénaga Grande rehabilitation project was to reduce soil salinity by reconnecting the floodplain to the Magdalena River through five dredged channels in areas of historical distributaries (Botero and Salzwedel 1999) . All five planned channels were dredged by 1998, and mangrove recovery was apparent after the practical salinity level dropped from more than 100 to 40-50, a range normally observed in mangrove forests (Rivera-Monroy et al. 2004 ). In the Everglades, restoration aims to redivert fresh water to allow a more natural overland flow (sheet flow) through the freshwater marshes of Taylor and Shark River sloughs to the estuaries and coastal zone. The full Everglades restoration plan will be completed over the next 10 to 30 years; some hydrologic structures have already been removed, and freshwater flow has been restored in some regions.
Research questions to test the environmental signature hypothesis
We propose a series of questions describing the vulnerability of coastal ecosystems to human and natural disturbance across the coral reef-sea-grass-wetland coastal seascape, based on findings at each of our research sites (figure 5). The vulnerability of this coastal seascape depends on the environmental signatures of tropical coastal settings. These questions follow our main hypothesis that the susceptibility of tropical coastal systems to disturbance will vary the environmental signature of coastal settings. The questions are grouped by ecosystem to facilitate their location in our conceptual framework, but ecosystems should be viewed as closely interconnected to each other in a seascape. Figure 5 indicates the location of the ecosystems and illustrates their hydrologic connectivity. For example, sea grasses are absent on deltaic systems because of high sediment loads (figure 4). As mentioned above, the study sites listed in table 2 represent discrete points across the range of coastal settings, allowing an intersite comparison of factors that control nutrient cycling and primary productivity. Thus, multiple questions could be tested simultaneously at multiple sites, which represent a combination of environmental factors. Rather than trying to establish an exhaustive list of questions, we focused on the research problems that integrate different ecological processes at different temporal scales along an environmental signature, from uplands to oligotrophic coastal waters.
The general research questions that encompass the environmental signature concept are as follows:
• How do long-term changes in freshwater flow control the magnitude of nutrient and organic-matter inputs to the estuarine zone?
• How will humaninduced changes in nutrient enrichment, together with these changes in hydrology, affect patterns and magnitudes of primary and secondary production in diverse types of coastal settings?
• How will these direct impacts by cultural eutrophication interact with long-term changes in climate drivers (sealevel rise, hurricanes, fires) to modify ecological patterns and processes across different coastal settings?
Any application of the approach and research agenda proposed here to carry on long-term ecological studies in the Caribbean will need to take into consideration the financial requirements of the study and the strong cultural and political differences among all nations forming the wider Caribbean region. One of the major impediments to reducing environmental degradation of the Caribbean Sea is the complex process needed to establish a regional management plan for marine resources. Richards and Bohnsack (1990) pointed out more than a decade ago that the real problem was the lack of coordinated support among the 36 to 40 Caribbean nations and territories for monitoring the rich and diverse ecosystems in the region. Some of the major impediments to such coordination are the wide cultural, educational, and economic differences among these countries. Of particular importance are the diverse management policies (or complete lack thereof) that each country has developed, based on economic priorities that do not embrace sustainable development.
One of the major priorities for sustainable management of the rich diversity of ecosystems in the wider Caribbean is to develop cost-effective research programs addressing common management issues in different locations. Cross-domain approaches and collaborations could foster the development of analytical and experimental tools to address common environmental problems in the region. The approach and research agenda 1. Can a significant increase in nutrient (phosphorus and nitrogen) loading into coastal areas with extensive coral reefs lead to coral mortality because of excessive macroalgal growth?
2. What is the interactive role of nutrient flux increases (phosphorus and nitrogen) and herbivory in maintaining coral reef areas and reducing macroalgal colonization?
3. What is the effect of high sediment load in controlling herbivory and macroalgal abundance in coral reefs?
4. How fast can coral reefs recover from large-scale (e.g., hurricanes, sedimentation) and local (e.g., coral bleaching) disturbances? And how do human impacts affect the rate of recovery?
5. Are there significant long-term differences in nutrient loading in coral reef areas across the Caribbean?
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